Laboratory experiments and mathematical modeling were used to explore the dynamics of kaolinite and Pb in water-saturated porous media. Batch adsorption experiments were used to obtain the adsorption isotherms of Pb onto kaolinite and quartz sand. Both kaolinite and sand adsorbed Pb from water, but the adsorption capacity of kaolinite was about 30 times higher than that of sand. Saturated sand columns were used to examine the transport behaviors of Pb and kaolinite. The presence of kaolinite in the saturated porous media enhanced the mobility of Pb. The presence of Pb on kaolinite and grain surfaces, however, reduced the transport of kaolinite. Additionally, an experiment in which clean kaolinite was passed through sand contaminated with Pb indicated that mobile kaolinite could scavenge the absorbed Pb from the sand surface to facilitate Pb transport. Simulations from the Langmuir model and an advective-dispersive transport model matched well with the experimental data collected from the batch adsorption and column breakthrough studies.
Introduction
Ubiquitous in soil and aquatic systems, natural colloids ͑defined as particles with a diameter smaller than 10 m͒ have attracted much attention recently because of their potential environmental and health risks. Although it is known that mobile colloids can enhance the mobility of contaminants, there are not many experimental studies focusing on colloid-facilitated contaminant transport in water-saturated porous media ͑Sen and Khilar 2006͒. After entering water-saturated media, most of the chemical contaminants and natural colloids interact with each other and with the surrounding media. These interactions may alter the dynamic behavior of colloids, contaminants, and their complexes, and increase the difficulty to understand the fate and transport of contaminants in the media.
Lead ͑Pb͒ is a toxic heavy metal commonly found in the environment. Recent studies suggest that natural colloids such as clay minerals can enhance the mobility of Pb in soils under certain conditions ͑Gao et al. 2010͒. However, there is limited research exploring the transport behavior of Pb in porous media, especially in regard to how colloids can alter the transport behavior of Pb in water-saturated porous media. It is therefore crucial to examine the enhanced transport of Pb in water-saturated porous media.
This study was designed to improve the current understanding of colloid-facilitated contaminant transport in saturated porous media. A clay colloid ͑kaolinite͒ and a heavy-metal contaminant ͑Pb͒ were used in laboratory experiments to examine their transport and cotransport behaviors in water-saturated sand columns. Our objectives were ͑1͒ to compare the filtration and transport of kaolinite and Pb in water-saturated porous media; ͑2͒ to examine the effects of Pb on the transport of kaolinite in saturated porous media; ͑3͒ to examine the effects of kaolinite on the mobility of Pb in saturated porous media; and ͑4͒ to test whether existing models can be used to simulate the transport behavior of colloids and Pb in water-saturated porous media.
Materials and Methods

Materials
Kaolinite powders ͑EM Science, Gibbstown, N.J.͒ were used to make colloids according to the procedures reported by Gao et al. ͑2004͒ . The mean sizes of the kaolinite colloids, as determined by photon correlation spectroscopy, did not vary significantly during the experiments and equaled 0.80 m. Kaolinite-Pb complex suspension was made by mixing 50 mL of the colloidal kaolinite suspension with 50-mL, 50-ppm Pb 2+ ͓Pb͑NO͒ 3 , Fisher Scientific, Pittsburgh͔. After 24-h shaking, the mixture was centrifuged to separate the solids from the liquid phase. The solids were washed twice and then resuspended in deionized ͑DI͒ water. Quartz sand was used as the porous medium in the experiments. The sand was sieved to sizes of 0.4-0.5 mm and washed with 0.1M NaOH and DI water before use.
Batch Adsorption Experiments
Adsorption experiments of Pb to kaolinite and sand porous media were conducted using polytetrafluoroethylene centrifuge tubes as completely mixed batch vessels. Each vessel was filled with a predetermined amount of sorbent ͑about 5.0-g kaolinite or 10.0-g sand͒ and 50-mL target Pb solutions ͑0, 0.10, 1.0, 5.0, 10, 20, 50, 150, and 200 ppm͒. The vessels were shaken for more than 24 h ͑predetermined͒ to reach apparent sorption equilibrium, and then centrifuged to separate the solids from the liquid phase. Aliquots of supernatant were withdrawn to determine liquid phase Pb concentrations using flame atomic absorption spectrophotometry ͑FAAS͒ ͑Varian 220 FS, Walnut Creek, Calif.͒. Solid phase concentrations were obtained through mass balance calculations.
Column Experiments
Quartz sand was wet packed into a glass chromatography column measuring 2.5 cm in diameter and 15 cm in height as saturated porous media. Approximately 125-g sand was used to pack one column with a porosity of 0.42. A peristaltic pump was used to regulate the downward flow at a constant specific discharge of 0.2 cm/min. Two types of colloid suspensions were used: pure kaolinite and kaolinite-Pb complex. We assumed that desorption of Pb from the complex was negligible because of the strong adsorption of Pb onto kaolinite. The colloid suspension was applied to the column as a 1-h pulse, and then the column was flushed with DI water for 2 h. Colloid concentrations were determined by measuring the total extinction of light at a wavelength of 350 nm with UV-visible spectrophotometry ͑UVS͒. The experiments were conducted in duplicates.
The Pb breakthrough experiment was divided into two stages. At the first stage, a 50-ppm Pb͑NO 3 ͒ 2 solution was injected into the sand column as a 3-h pulse followed by 2-h flushing with DI water. At the second stage, either a 100-ppm or a 500-ppm kaolinite suspension was introduced to the column for 1 h followed by 2-h DI water flushing to scavenge the adsorbed Pb from the sand surface. Samples from the first stage were measured by FAAS to determine Pb concentrations, while samples from the second stage were measured for colloid concentrations by UVS. For the experiment with 500-ppm kaolinite, the second stage samples were measured by FAAS to determine the total Pb concentrations ͑aqueous and solid phases͒. We did not separate the Pb between the two phases because most of the Pb in these effluents should be associated with kaolinite. Bromide was applied to the column as a conservative tracer for the breakthrough studies. The experimental procedures were the same as those used for the colloid, and an ion chromatograph ͑Dionex ICS90͒ was used to determine bromide concentrations.
Mathematical Models
The Langmuir model was used to describe the adsorption isotherms of Pb to the sand and kaolinite as follows:
where Q e = Pb concentration on the solid phase ͑mg g −1 ͒; K represents the Langmuir bonding term related to interaction energies ͑L mg −1 ͒; M denotes the Langmuir maximum capacity ͑mg g −1 ͒; and C e = Pb concentration in the equilibrium solution ͑mg L −1 ͒. One-dimensional advection-dispersion equation coupled with reaction terms was used to simulate the transport of either colloids or Pb in the water-saturated sand column. The governing equations can be written as ͑Toride et al. 1995͒
where C w = concentration ͑colloid or Pb͒ in pore water ͑mg L −1 ͒; C s represents the concentration retained by the sand grain through kinetics reaction ͑mg g −1 ͒; R = retardation factor, which reflects the magnitude of equilibrium reactions in the sand column; b = bulk density of the sand ͑g dm −3 ͒; s = saturated moisture content; D = dispersion coefficient ͑cm 2 min −1 ͒; v = velocity of pore water ͑cm min −1 ͒; k = kinetics reaction rate constant ͑min −1 ͒; and X = kinetics maximum capacity of the porous media ͑mg g −1 ͒. We solved the governing equations of the transport model ͓i.e., Eqs. ͑2͒ and ͑3͔͒ numerically for zero initial concentrations, a pulse-input boundary condition at the column inlet, and a zeroconcentration-gradient boundary condition at the outlet. The Pb and colloid transport in the columns were quantified by identifying the best-fit values of the R, k, and X. Because the interactions between colloids and sand porous media are kinetics processes, R was set to be unity when the model was applied to the colloid breakthrough data.
Results and Discussion
Pb Adsorption onto Sand and Kaolinite
The adsorption of Pb was higher onto kaolinite than sand ͑Fig. 1͒. Simulations using the Langmuir model matched the experimental data fairly well with R 2 of 0.89 and 0.94 for sand and kaolinite, respectively. The best-fit value of M for kaolinite was 5.95 cmol kg −1 , which is within the typical range of the cation exchange capacity of kaolinite ͑3 -15 cmol kg −1 ͒. This result suggests that ion exchange may play an important role in Pb adsorption onto kaolinite. As expected, the M for the sand was much smaller ͑0.198 cmol kg −1 ͒.
Comparison of Kaolinite and Pb Transport in Saturated Column
The transport of Pb through the column ͓Fig. 2͑b͔͒ was much slower than that of kaolinite ͓Fig. 2͑a͔͒. Pb was first detected in the effluent at about three pore volumes ͑PVs͒, while kaolinite appeared in the effluent before one PV. The delayed Pb transport in the water-saturated sand column suggests that Pb interacted strongly with sand in the column. Mass balance calculation showed that ϳ40% of Pb and ϳ8% of kaolinite were retained in the column indicating that natural sand may be used as a preliminary filter to remove Pb from wastewater. The transport model was first applied to the breakthrough curve of bromide, a conservative tracer, to determine the dispersion coefficient ͑D͒ within the water-saturated sand column. Simulations of the transport model matched well with the experimental breakthrough data of kaolinite and Pb with R 2 of 0.96 and 0.99 ͑Fig. 2͒. The best-fit kinetics reaction rate constant ͑k͒ and kinetics maximum capacity ͑X͒ for kaolinite were 0.0093 ͑min −1 ͒ and 0.0093 ͑mg g −1 ͒ ͑Table 1͒. When applied to Pb transport, the model predicted both equilibrium ͑retardation͒ and kinetics reactions being important, with the best-fit R of 1.1, k of 0.38 ͑min −1 ͒, and X of 0.066 ͑mg g −1 ͒ ͑Table 1͒. The values of R, k, and X for Pb transport were higher than those of kaolinite transport in the water-saturated sand column, suggesting stronger interactions between Pb and the natural sand media. This result is consistent with the mass recovery rate calculations described previously. The kinetics maximum capacity of Pb transport in the sand column was much lower than the Langmuir maximum capacity obtained from the batch experiment. The discrepancy demonstrates that in addition to kinetics reactions there might be other processes, such as equilibrium reactions, contributing to the Langmuir maximum capacity. It also suggests that the information obtained from the widely used batch adsorption experiments may not be able to accurately reflect the actual transport dynamics of contaminants in porous media.
Pb Reduced Kaolinite Mobility in Saturated Column
The presence of Pb, either on kaolinite as kaolinite-Pb complex or on sand surface as retained Pb, reduced the transport of kaolinite through the water-saturated sand column. The breakthrough concentrations of kaolinite-Pb complex through saturated column ͓Fig. 3͑a͔͒ and pure kaolinite through "Pb-contaminated" sand column ͓Fig. 3͑b͔͒ were lower than those of pure kaolinite transport through clean sand column ͓Fig. 2͑a͔͒. Mass balance calculation showed that ϳ15% of kaolinite-Pb complex were retained and about 12% of kaolinite were retained in the Pb-contaminated column. Similarly, the transport model predicted the breakthrough behaviors well with R 2 of 0.95 and 0.94 ͑Fig. 3͒. The best-fit k and X for kaolinite-Pb complex were 0.0018 ͑min −1 ͒ and 0.0020 ͑mg g −1 ͒ ͑Table 1͒. The k and X for kaolinite transport through Pb-contaminated column were slightly lower with values of 0.0014 ͑min −1 ͒ and 0.0012 ͑mg g −1 ͒ ͑Table 1͒.
Kaolinite Enhanced Pb Mobility in Saturated Column
Compared to Pb in the water-saturated sand column ͓Fig. 2͑b͔͒, the kaolinite-Pb complex showed a much faster breakthrough ͓Fig. 3͑a͔͒, which confirms that natural colloids can be "carriers" to enhance the mobility of Pb. We also injected a high concentration ͑500 ppm͒ kaolinite pulse through a Pb-contaminated sand column to examine whether kaolinite can scavenge Pb from the sand surface. Both kaolinite and Pb were detected in effluents within one PV ͓Fig. 4͑a͔͒ indicating that mobile kaolinite can scavenge Pb adsorbed in the water-saturated porous media. A plot of the kaolinite concentrations against the Pb concentration in effluents revealed a strong linear relationship with R 2 of 0.96 ͓Fig. 4͑b͔͒. In literatures, models of colloid-facilitated contaminant transport in porous media are always complicated because they involve multiple advection-dispersion equations with considerations of mass balance of both colloids and contaminants within different phases ͑Flury and Qiu 2008͒. The linear relationship in Fig. 4͑b͒ could be used to simplify the models by assuming that the colloid and Pb colloids are always directly proportional during the mobilization.
Mass balance calculations showed that kaolinite mobilized ϳ5% of Pb that were retained in the sand column during the first stage of Pb breakthrough experiment ͓Fig. 2͑b͔͒. Considering the total amount of colloidal kaolinite being applied to the sand column ͑30 mg͒ was approximately fourfold less than the total amount of the sand in the column ͑125 g͒, it can be concluded that colloidal kaolinite has a much stronger bonding ability to Pb than the quartz sand used in this study. It is anticipated that further injections of colloidal kaolinite into the column can mobilize more retained Pb and therefore facilitate the transport of Pb in porous media.
Conclusions
Our results indicate that ͑1͒ the presence of Pb on colloid surface and sand grain surface can reduce the mobility of kaolinite in saturated porous media; ͑2͒ mobile kaolinite can scavenge adsorbed Pb from grain surface, therefore, enhance the mobility of Pb; and ͑3͒ the Langmuir model and the transport model can be used to help the analysis and interpretations of experimental data. 
